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Abstract

Parametric roll and water on deck are investigated numrimad experimentally for a FPSO ship in head-sea regular
waves in the zone of the first fundamental resonance. On tinerncal side, a weakly-nonlinear potential seakeeping
solver based on the weak-scatterer theory is coupled watidomain-Decomposition (DD) strategy with a shallow-
water approximation for water-shipping events and withal@nalytical solution for bottom-slamming prediction.
The comparison against the model tests confirmed the cépabilhe numerical method in predicting occurrence and
features of parametric roll and water-on-deck phenomeha.sblver has then been used to complement the physical
analysis by examining the roll instability occurrence wathefined step of the calm-water roll natural frequency-to-
excitation frequency ratiapsno/w, around to 0.5. It is confirmed that the water shipping fezgware qualitatively
and quantitatively fiected by the parametric roll: the flow onto the deck becomgsiatric and the water-on-deck
occurrence becomes periodic with the roll-natural pertbd,level of green-water induced pressures increases. In
some cases water shipping is even directly induced by ladydm return the green-water loadffect the parametric
instability by changing (both increasing and decreasihg)duration of the transient phase. This has been measured
in terms of the variation of the timey,ay required to reach the largest peak in the roll enveloperbedocurrence

of steady-state conditions. The water on deck mostly irseahe steady-state roll amplitudg,, with an amount

up to about seven degrees for the examined cases. Two stalisdhave been proposed for the variations,qf
andéy, involving a modified steepnegs= (2A — f)/4, with A and A the incident-wave amplitude and wavelength,
respectively, and witlf the ship mean freeboard. The scaling lavigs1) andy1(61) , with @l = —(Atmax/T) - €,

¥l = —=10Aé45 - €, 61 = 100@ano/w)? - € andT the incident-wave period, appeared to be more suitablesimethion
where water shipping is more relevant for parametric rolieyl are well approximated by polynomial curves which
could be useful to estimate the variationdgfy andé,, due to water shipping for incident-wave parametefiedent
from those examined here.
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1. Introduction

Parametric roll is a parametric resonance with instabiléfiavior which may result in significant amplification of
the roll motion (see.g. [EI]). This phenomenon has been documented as dangeroustéredt types of ships. For
example, for large vessels like container ships it can leathtnage and loss of containers and cargo, for small fishing
vessels it can cause the ship capsizing. The occurrencengcted with the time variation of the stability properties
of the vessel due to changes in the restoring moment, andtbe imansverse metacentric heighi. Such critical
changes are supported by the interaction with incident sauéiciently aligned with the vessel and nearly regular,
i.e. with almost constant period and amplitude, and b§isigently large heave and pitch motions. In such conditions,
the level of ship roll damping is crucial in limiting the gravg of the instability, the lower the damping the higher the
possibility of parametric roll.

Finally there are ratios between the roll natural frequearay the encounter frequency, say,/we, for which the
instability occurs more easily. An uncoupled Mathieu-typaability analysis for the roll motion identifiesy,/we =
0.5,1, 1.5, and so on, as critical frequency ratios. In ogeda general the vessel is a six degree-of-freedom (6-dof)
system and the coupling among the motions couidch the actual occurrence of the phenomenon. However the
values provided by the simplified analysis can be used tdifgiehe frequency-ratio zones where parametric roll can
occur more easily.

Here the case of a large Floating Production Storage dfidading (FPSO) ship is examined. Such ships are used
as platforms in oil industry, so they are typically at restl aveather-varying. Water on deck has been identified as
dangerous for them in terms of operational limits while paegric-roll occurrence is not considered as an important
factor. This could be due to the roll damping caused by trgetiikels and to the use of mooring-line systems. Recent
water-on-deck experiments on a FPSO model without app&sdagd mooring systems and interacting with regular
bow-sea waves highlighted the possible occurrence of ptrammoll. So this platform is used here to examine more
closely the parametric roll and the water on deck. Prelimyimasults of this investigation are documente(ﬂn [2] but
the numerical solver has been slightly improved since tihdoreover the present validation is more comprehensive
and the analysis is more focused on the qualitative and ta&wve mutual influence of parametric resonance and
water shipping.

The FPSO model and the experimental set-up are describhd ekt section while the numerical solver chosen
to confirm and complement the model tests is described ifmosd8t A physical investigation is carried out in section
[4 with the attempt, among the others, to answer the key aquresfithis work. Then the main results are summarized

and the conclusions are drawn.

2. Experiments

A FPSO model in scale 1:40 has been tested in regular wavhs &isin No. 2 (length x width x depth220
x 9 x 3.6 m) of CNR-INSEAN. The wave basin is equipped with a flap waaken Kempf & Remmers, hinged at a
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height of 18 m from the bottom.
The main information of the model and the ship hydrostatapprties are given in the top-left table of figlile 1,
while the ship geometry is presented in the bottom sketchefigure. In this study no bilge keels were used on the

model and no hybrid technique was included to mimic the nmapline action on the platform. The vessel was tested

Length (L) 422 m
Breadth 0.81 m
Draft (D) 0.25 m
Displacement 663 kg
Metacentric height (GM) 0.036 m

Pitch gyration radius (Kyy) | 0.27 L
Roll gyration radius (Kzz) 037 B
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Figure 1: Experimental set-up. Top: main information of theoshdel (left) and top view of the pressure sensors on the degit). Bottom:

ship geometry.

in regular waves with heading angle of 180, 175 and 170 dsdoeeeproduce bow-sea waves coinciding or close to
head-sea conditions, which are relevant for weather-ngrglatforms. The wavelength-to-ship length ratjd. has
been chosen as 0.75, 1, 1.25, 1.5 and 2, and the incidentstespnes&A varied between 0.1 and 0.25 with step
0.05. The model was fixed to the carriage through a gimble saglexamined as free to oscillate in (A) heave and
pitch and in (B) heave, pitch and roll, while the remaininges of freedom were restrained.

Depending on the incident-wave parameters, the fluid-Vésgeactions may lead to parametric-roll excitation,
cause water-on-deck and bottom-slamming events, andt iesigh midship bending moments. The model was
equipped in order to investigate globally and locally thegible éfects of wave-vessel interactions. The rigid mo-
tions of the hull were measured with both an inertial (MOTAdd an optical (Krypton) system to cross check the
experimental conditions. The first one ensures a direct nneasent of the rigid body vertical acceleration in the
Center of Gravity (CoG), giving an estimation of the nonéiriges in the ship motions, the second one provides a

good accuracy in the direct measurement of the ship motidhs. ship model was split in two parts in the middle
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and a three-cell balance was used to measure the mid-shifingemoment. The deck was without any barrier and
limited by a vertical wall mimicking a deck house. Seven pues sensors were distributed on the deck along the
ship longitudinal axis as shown in the top-right sketch ofifegd, to quantify the green-water induced local loads.
Four pressure sensors were placed along the keel to capéuoedurrence of bottom-slamming events at 63, 158, 258
and 458 mm downstream of the ship section 19. The radiatidrddfraction dfects by the vessel were monitored
through two wave-elevation sensors fixed to the ship modshectively, at the front bow and at ship section 19.
A third wave probe, fixed to the carriage, was placed aroueddhgitudinal position of the CoG, at a transversal
distance of approximately.3m from the symmetric plane of the model.

With the aim to measure the undisturbed incident wave sydi@mwave probes were placed in front of the hull
at a distance of approximately/and 34 m from the CoG, using a Kenek finger probe and a capeeitsire probe,
respectively.

The behaviour in waves of the model was recorded using trae®ias: a low-speed camera (with 25 fps) was
used for the global 3D video recordings of the experimentsleatwo high-speed cameras (with 100 fps) provided
top and front views of the ship deck in case of water shipping.

Because of the tlierent dynamics of the local phenomena (water on deck andrbattamming) from the global
behaviour of the model (ship motions, global loads and ixidvaves) two dferent acquisition systems recorded the
time histories of the several quantities. A high sample (a0ekHz) acquisition system is used to record the pressure
probes on the deck and on the bottom of the model; a lower sarafd (333 Hz) acquisition system records the global
guantities. A common starting signal allows their synclwzation, as well as the one of the camera systems.

Although the large number of physical quantities monitoiredhe present experiments, here we focus on the
global motion of the ship, being the emphasis on the occoer@f the parametric roll and on the influence of the
water on deck.

Since the roll-damping level is in general important fordtlseurrence and steady-state amplitude of the parametric
instability, preliminary free-decay tests in roll have hgeerformed (see figuld 2). This showed a calm-water 1-
dof roll natural periodTso = 27/wap =~ 3.56 S. In general, this can b&ected by the coupling with other ship
degrees of freedom, as well as by incident waves that canfyntbdi roll restoring moment. Assuming a 1-dof roll
motion equation, an equivalent linear damping has beertifi@hasBss1/(124 + Ass) = 0.03 st corresponding to
Bag1 =~ 0.026By4cr, With By, the critical damping. It means a small damping with limitéteets on the roll, as
confirmed by the investigations in sectidn 4. This dampingliés relatively low if compared with practical values
for FPSO ships which typically range between 0.05 and 0.1bis & because here the damping is given by the
wave-radiation and viscous bare-hull contributions whappeared in the present case well approximated by a linear
behavior in terms of the body velocity. Bilge keels and mogiines, usually used for FPSOs would lead to higher
damping in roll with nonlinear trend of the damping @ogent with respect to roll speed.

Here the physical investigation is focused on the occusemt features of parametric roll and water shipping in
head-sea conditions. So only the measurements relevathtefaliscussion are examined. The analysis of the others
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Figure 2: Free decay in roll from experiments and obtained migaly using linear damping identified from the model tests.

data is ongoing and will be considered in a future work. Theelngth-to-ship length ratios examined in the tests
correspond tausno/w between about 0.4 and 0.66,being the incident-wave frequency. This implies a freqyenc
range near and including the first fundamental resonang&v=0.5; the second resonance meang/w=1 and is

out of the study.

3. Thenumerical method

Numerically the seakeeping problem for a six degree-aefoen ship possibly experiencing water shipping, bot-
tom slamming and parametric instability is studied with @adle Domain-Decomposition (DD) strategy described
in detail in B]. Here the main features, relevant to the a§sion, are outlined. The solver couples a 3D weakly-
nonlinear seakeeping potential-flow solver, with a locatdrm-slamming solution and a water-on-deck model. The
bottom slamming is handled through a local Wagner—tu)e Mgton and using an improved occurrence criterion
which combines the Ochi’s velocity criterion with a pressgondition, as proposed inl[3]. The water shipping is
solved assuming that only dam-breaking type of water on danloccur. In practice this is one of the possible water-
shipping scenarios but it also approximates well the glédstures of the most common water-on-deck scenario. The
latter starts locally as a plunging wave hitting the shipkdeear the front bow and then behaves as the flow devel-
oping after a dam break (seey. [5]). This means that the evolution of the shipped water aasthdied within the
shallow-water approximation. The problem is solved on a&3&n grid fixed to the deck and using a splitting method
to transform a 2D shallow-water problem in the deck plane amsequence of 1D coupled problems along the main
axes of the computational grid. In each direction, an exéatnn solver is applied to estimate the variables fluxes
and the coupled equations are stepped forward in time witlstadider scheme. The boundary conditions along the
deck and possible superstructures are enforced usingwvblesiet technique irue] so to allow general deck-profile

geometry immersed in the Cartesian grid.



The global wave-ship interaction solver is based on the veeakterer hypothesis (see e.u. [7]), assuming that
incident waves and body motions are large relative to thétesaag and radiation féects. This means the results
are theoretically valid for wavelength-to-ship lengthoauficiently large. Within this solution strategy, the imper-
meability body-boundary condition is satisfied averagébyng the instantaneous wetted hull surface defined by the
incident waves and the body motions. This leads to a cooedt the scattering and radiation loads obtained from
linear theory. Further, nonlinearities are retained uphtostecond order for Froude-Krylov and hydrostatic loads.

Because the problem involves nonlinear loads and anywayrémsient phase must be investigated to detect
parametric roll excitation, the equations of motions afgexbin time domain using the approach lin [8]. The rigid-
body motion equations are written along a body-fixed co@idirsystem with origin in the center of gravity and

read

Mé + QX M«?.;‘"‘ AooB + fot K(t-7)B(r)dr = Foniin + Fhniin + Fwod + Fsiam 1)

with M the ship generalized mass matgx= (&1, .., &) the six rigid degrees of freedor, the angular velocity vector
(€4, &5, &) and the upper dots indicating tim erivatives performed along the instantaneous body dxesjuation

(@), the cross product gives a six-component vector with finee components obtained through the cross-product
of Q@ with the first three components 8& and the remaining components given by the cross-produ@twith the
second three components Bf¢. A is the infinite-frequency added-mass matrix aqds the retardation-function
matrix. This equation system should be valid formally forelar problems in time domain but corrections due to
nonlinear loads are included in the right-hand-side in treufe-Krylov and hydrostatic loads, respectivefy,in
andFpnin, and in the slamming and water-on-deck loads, respectikgly, and Fy,.4, When such phenomena occur.
A correction is also present in the added-mass and conwalinitegral term of equatiof](1). Indeed, within linear
theory,8(7) is a six-component vector equalgowhile here it is in general dierent and estimated in time from the

body-boundary condition
Vin(x,1) = (Vship — Vwave) - N. 2

HereV, is the fluid-velocity component along the hull normal veaoV ghip is the body velocity and/aye is the
incoming-wave velocity. This implies that radiation andtsering phenomena are considered together. The solution

strategy is as followsV, is expressed in terms of prescribed basis functions,

Va(x.t) = ZiZY Biyi(x). (3)

with B; thei-th component of3 (step 1); the resulting conditiofil(2) is enforced through iaiium Least-Square
approach along the wetted hull defined by the incident wand$ady motions (step 2); this provides the equations to
find B (step 3). The procedure used follows the Worlﬂn [7], but hés® is chosen (instead &¥=5) andy; = n; are
adopted, withn; thei-th component of the generalized normal vector to the shiphik way, the retardation function
matrix K can be obtained from either the added-mass or the dampitigodets coming from solving the usual linear

radiation problems.



In reproducing the experiments with the FPSO free only irvlaggitch and roll, inEIZ] the ship is taken as a 6-dof
system and the fixed motions are simply set to zero, togetlibitine possible #ects of related hydrodynamic loads
on the other motions. This is done considering the occuerehceaction loads balancing inertial and hydrodynamic
loads for the degrees of freedom kept fixed in the tests. This lfianctionsy; are kept to be six and so the vecpr
has six components. In the present work, the basis funcéimnestimated as sike. consistently with a 6-dof system,
but the cofficientsps; connected with the restrained degrees of freedom are faockd zero. This is done because,
within the weak-scatterer assumption, as the wave stegpleeseases (and so going toward linear conditions) the six
components 0B tend to become the time derivatives of the rigid motiares 8 — &. Therefore here the components
of B that will correspond to the velocities of the fixed motione anforced to be zero. Thisftirent strategy does
not change significantly the results but slightly improvesn, especially the pitch motion. Moreover, a close check
of the results highlighted that using the original stratéggyroll transient phase could be sensitive to the step adopt
for the approximated evaluation in time of the retardafiemetion matrix. With the new approach this problem is
avoided and the results appear so more reliable.

The obtained equations of motions are solved in time usirayeti-order Runge-Kutta scheme. When evolving
from timet tot + At the water-on-deck loads, the slamming loads and the cotiwnlintegral terms, are estimated
in t and retained constant during the time inters&l The other loads are estimated at any time instant required
by the scheme. The convolution integrals are evaluated ing asstep-wise linear interpolation &f(t — ) andB(7)
components and then integrating analytically. The intégnaccounts for the fact that the memofieets are limited,

i.e. K(t — ) is non zero for a finite interval of time, so to limit the contgtional éfort. The most time consuming
element of the solver is represented by the water-on-ddokiao, the related cost could be substantially reduced in
the future by parallelizing this part. In the present impderation, overall the solver igfeeient and can provide a
time evolution of 400 periods in at most few hours on a modemputer.

One must note that this compound solver estimates only the-nadiation potential-flow roll damping. Viscous
damping corrections can be modelled introducing empicoafficients in the equation of motion. In the present test
case a linear damping ciieient is suitable and was estimated from the free-decay, tastdiscussed in sectigh 2. In
the following the computations are performed both withod aith the correction from the experiments so to check

the dfect of the viscous damping.

4. Physical investigation

Here model tests and numerical method are used to examirgatheetric-roll and water-on-deck phenomena
in head-sea conditions. It means that not all experimewtadiitions and not all measured variables are discussed, as
for instance bottom pressure and mid-ship bending momégy Tepresent important sources of information for the
wave induced loads on the vessel and their analysis is leftifore work.

The head-sea experiments carried out at CNR-INSEAN higteid) parametric-roll instability in the zone of first
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fundamental resonance for the vessel free in heave, pitdhah(see the example in figufé 3). The cause of the

Figure 3: CNR-INSEAN model tests on a FPSO model in regular{seadvaves. Front (top) and side (bottom) views showing trenpetric-roll

and water-on-deck occurrences. Time increases from leitid. r

asymmetric motion in longitudinal waves on a vessel withtqsteirboard symmetry is the time variation with the
encounter-wave frequeney, (in our case equal t@) of the roll restoring moment induced by the interactionhwit

the incident waves and by §iciently large vertical motion of the ship. The oscillatiaran lead to the change in sign

of the transverse metacentric height and to the instalufithe vessel. This results in the growing in time of the roll
motion oscillating at its natural frequenay,, SO we have instability and resonance at the same time.

The ship also experienced water on deck, which occurs ifalaive motion is higher than the local instantaneous
freeboard along the vessel. This is the result of wave-bothractions and, as we will see, can be induced by the
vertical symmetric motions,e. heave and pitch, or by large parametric-roll oscillatidndoth cases, one can expect
that the occurrence of parametric-roll resonarféects the water shipping. For example the water flow along ¢la& d
will be not symmetric, as indicated by the snapshots in fifireess clear is the influence of water-on-deck events

on the parametric roll. These aspects will be examined ifidth@ving.

4.1. Numerical and experimental analysis of parametritaold water on deck within the model test matrix

Left part of tabldlL examines the experimental occurrengeacdimetric roll in steady-state conditions and iden-
tifies /L = 0.75 and 1 as the wavelength-to-ship length ratios respanéinl the instability. They correspond,
respectively, tausno/w =~ 0.402 and }464, both of them close and smaller than the frequency ratioesfirst para-
metric resonance. Conditiabg/w =~ 0.519 is closer to 0.5 but larger and does not lead to any idgyabi his
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Table 1: Occurrence of parametric-roll resonance (PR, &ft) water on deck (WOD, right) for the cases studied expetaigrand reproduced

numerically.

A/L— | 0.75 1.00 1.25 1.50 2.00| 0.75 1.00 1.25 1.50 2.00
wso/w — | 0402 0464 0519 0.568 0.656 0.402 0.464 0.519 0.568 0.656

Method kA PR WOD

Exper. 0.10] NO YES NO NO NO NO NO NO NO NO
Numl 0.10| NO YES NO NO NO NO NO NO NO NO
Num2 0.10| NO YES NO NO NO NO NO NO NO NO

Exper. 0.15| NO YES NO NO NO NO NO NI NO NO
Numl 0.15| NO YES NO NO NO NO NI NI NO NO
Num2 0.15| NO YES NO NO NO NO NI NI NO NO

Exper. 0.20| YES NO NO NO YES* | YES YES YES

Numl 0.20| YES | YES NO NO YES* | YES | YES | YES

Num2 0.20| YES | YES NO NO YES* | YES | YES | YES

Exper. 0.25| YES NO NO NO YES YES YES YES
YES YES YES YES

YES YES YES YES

Numl 0.25| YES NO NO NO
Num2 0.25| YES NO NO NO

means that, within the used range of steepnesses, the piacarok occurrence is more shifted toward lower values
of the frequency ratiano/w, SO shorter incident waves appear more dangerous. In thesh@velength case para-
metric roll occurs for sfficiently large incident-wave steepness whilefpk = 1 it is associated to skiciently small

kA This suggests that nonlinear wave-body interactions @tpipe instability fori/L = 0.75 and work against for
A/L = 1. Symbol "X’ in the table refers to cases not studied expenitally because dangerous and so not investigated
numerically either.

The solver described in sectibh 3 was applied to the FPSQtesiipd in the basin and predicted a calm-water roll
natural period very close to the experimental vaiue, T4 ~ 3.54 s. The related parametric-roll occurrences are
also given in the table as Num1 and Num2 and refer, respgctisamodelling only the wave-radiation roll damping
from the linear potential-flow solver and to accounting dtsothe viscous correction from the free-decay tests. In
table[d, the case with/L = 0.75 andkA = 0.2 was not exactly reproduced in the model tests. When compeéthd
the prescribed incident waves, the actual waves appeatel/#oa larger amplitude, somewhat changing in time, and
slightly larger period. They are closer to regular wavehwijtL = 0.757 andkA = 0.21, as documented in figuré 4.
There, two experimental curves are shown correspondingdadimne intervals of the physical evolution with a shift of
forty incident-wave period$. This gives an indication of the experimental error in reforing regular waves in this
case. One must note that the experimental curve corresmpialithe later incident-wave evolution (dashed dot-dot

line in the figure) could also befacted by wave reflections from the ship model.
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Figure 4. Experimental and numerical incident wave elevafiorcase with prescribed parametery.L.=0.75 andkA=0.2. Two experimental

curves are shown (solid and dashed-dot-dot lines) correipg to two time intervals of the physical evolution with afsbf forty incident-wave
periods.

Whena/L = 0.75 andkA = 0.2 were used in the simulations the fully potential flow sautpredicted a very slow
instability and a roll amplitude still growing after 400with a reached value of about six degrees. The solution with
viscous damping did not capture any parametric roll. Uslgrhore correct incident-wave conditions as input leads
to parametric roll for both numerical solutions. Moreows,discussed later, water shipping events induced directly
by the parametric roll are predicted in agreement with thesBleo recordings. Both numerical solutions are globally
consistent with the experimental data and confirm a limit@elce of the viscous damping, due to its small level. A
disagreement with the model tests is documented for thenietgiate steepneg®\ = 0.2 with /L = 1. Experimen-
tally no parametric roll was recorded while numerically thgtability causes a steady-state roll amplitggle~ 8.4°,
which is more limited than for the other cases of parametilcaxamined in detail later in the text. This suggests
an incident-wave condition close to the limit of parametatt occurrence and a greater sensitivity of the instabili

excitation to the involved nonlinearities. So, on the nup@rside, the results could have higher sensitivity to the
approximations made in the solver. Another possible reesoonnected with problems in reproducing accurately the
prescribed incident waves by the wavemaker that was updraftier this experimental campaign.

It is hard to investigate the close details of the parametiicexcitation experimentally, because at the beginning
the roll is very small and sensitive to the measurement rrdihe numerical time histories show that in general
the parametric roll develops after an initial phase wheeertil evolution is characterized by both the incident-wave
(excitation) frequency and the roll natural frequency. @oeation and visibility of this stage depends obviously on
the system tendency to instability; the higher is the tengetie shorter and the less clear this stage becomes. An
example is given in figurlel 5 fot/L = 1. The case with steepndsa = 0.1 (top plot) shows clearly this initial phase,
which is still present for the steeper condition (bottontpbut with shorter duration (less thai band hidden by the
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Figure 5: Initial transient phase for heaggeand roll £, motions for1/L=1.00 withkA=0.1 (top) and withkA=0.15 (bottom). The results were

obtained numerically with the solver described in sedfiosi8githe viscous damping correction from the free-decag t&sis the incident-wave
period.

rapid increase of the roll amplitude due to the instability.

The transient phase of the roll motion during the instapdi¢évelopment is presented in figlile 6. Here a synchro-
nization process is used because in general the occurrépeeametric roll in time is dferent between experiments
and numerics depending, for example, on the distance oftipefiom the wavemaker. In particular the maximum
peaks oft, for the experiments and for the numerics have been syncdedrEnd set at about 100n all conditions
examined in the figure. The maximum peak can be in generardangequal to the roll peaks in steady-state con-
ditions; in the latter case it corresponds to the first peagtéady-state conditions. The cases examined are three
of the four experimental cases with parametric roll; therfiowase (withi/L = 1 andkA = 0.1) is documented in
the left-center plot of figurEl 7. The roll evolution given byi2 grows more slowly than the solution provided by
Num1 and, except for/L=0.757 anckA=0.21, in all cases it increases more similarly to the expenits. After the

maximum peak of the numericé, an envelope is caused by the instability on the roll motasnyell as on the heave

and pitch motions (not shown here). The amplitude of thiskpe dies out in time much quicker for Num2 due to
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Figure 6: Parametric-roll occurrence: experimental and nis@leransient phase of roll motiafy during the establishment of parametric roll. 1:
A/L=0.757 anckA=0.21; 2:1/L=0.75 anckA=0.25; 3:1/L=1 andkA=0.15.

the viscous damping and this is more consistent with theréxpatal time histories (check figuré 6).

Almost steady-state conditions with parametric resonameeexamined in figuréd 7 ahl 8 in terms of rigid ship
motions measured experimentally and predicted with NundlMum2 solution strategies. Actually, as mentioned
above, the results for incident waves withL=1 andkA=0.1 (left of figure[Y) refer to the transient stage during the
occurrence of parametric roll. In this case experimentiléyparametric roll occurs towards the end of the temporal
window set for motion measurements. So the physical stetatg-conditions are not available and we compared the
transient phase of the motions during the parametric ralioence. For every wave case, to allow the comparison,
one numerical motion from Num1 and Num2 simulations is syoisized with the experiments and the same shift
is used for the other motions. Heave and pitch evolutionsdarainated by the incident-wave period while the
roll motion oscillates, with a longer period about 2.85 862s and 3.3 s going from the shortest to the longest
incident-wave cases. This means that the roll-naturabpges diferent fromT4o and in particular is smaller than
the calm-water value for all cases. This suggests a vamiatidhe roll natural period in waves, which depends on
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Figure 7: Parametric-roll occurrence: heave (top), rolhfeg) and pitch (bottom) motions fayL=1 with kA=0.1 (left) and withkA=0.15 (right).

&3=heave£y=roll, &s=pitch. &3 is given at the model scale.

the ratioA/L and on the involved wave-body interactiofiets. T4, coincides with twice the incident-wave period,
i.e. the condition for first fundamental resonaneg/w = 0.5 is satisfied. From present numerical studies, any time
parametric roll occurs, the coupling between the motiorstaa nonlinear #ects force in general the instantaneous
wan to change and tune itself to be, = w/2.

In all incident-wave cases, the roll amplitude exceeds tgreks, which is often the maximum allowed roll
amplitude for a FPSO in normal operational conditions, aatihes almost thirty degrees in the worst case. One
must note however that the examined ship is not equippedbilgk keels which would have provided much higher
damping in roll. The two numerical solutions are very simitecause the viscous damping for the studied ship
configuration is small and agree quantitatively well witke #xperiments in terms of ship motions. This means that
the fully potential-flow solution could be used to reprodtice experiments. However, for a more realistic FPSO
model with bilge keels a proper estimation of the viscoubdamping is needed to predict correctly the roll motion.
Simplified methods could be used to quantify the bilge-kéiEgots such as the Ikeda method (seg in [B]) or as
proposed for instance in [10].

The largest diferences between numerics and experiments occur for hedwgitah, especially for the shorter
waves. This is consistent with the fact that the method i®dam the weak-scatterer hypothesis (see seftion 3).

On the other hand, the physical heave and pitch do not appsaots everywhere and indicate the presence of a
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Figure 8: Parametric-roll occurrence: heave (top), rolhteg) and pitch (bottom) motions for/L=0.757 anckA=0.21 (left, corresponding to
prescribed incident waves witly L=0.75 andkA=0.2 in the model tests) and fayL=0.75 andkA=0.25 (right).£3=heave ¢;s=roll, &s=pitch. &3 is

given at the model scale.

low-frequency component. Checking the whole availablesthistories of the experiments, this envelope tends to
disappear in time but it is not connected with the parametiicbecause it appears earlier than the roll instability.
The fully potential-flow solution seems to be somewhat aldsehe experiments for the heave and pitch evolutions
but this could be just by chance. The use of the viscous-dagngbrrection in the simulations gives a tiny better
agreement in phasing of the steady-state roll time higasigh the model tests for all the cases, in addition to the
transient-phase improvement previously discussed.

Right part of tablél examines the experimental and numesi@urrence of water on deck in steady-state con-
ditions for the incident waves examined in the model teste Boolean value ‘NI’ indicates very limited amount of
shipped water qualitatively recorded by the experimeriti@as. Numerically it means water on deck associated with
less than 0.4 dfas maximum volume of shipped liquid per event. This corraggdo an average maximum water
level on the deck less than 2 mm at model scale. From the gtamaparison, the two numerical solutions show the
same results and agree with the model tests except for teendds1/L = 1.00 andkA = 0.15. This is at the limit
of water on deck occurrence both as predicted numericalliyadoserved from the videos. This suggests a certain
sensitivity of the numerical solution to the used approxiore of the nonlinearféects. The wave-ship interaction for

prescribed incident waves witlyL = 0.75 andkA = 0.2 represents an interesting case. If these parametersvare gi
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as input for the numerics including viscous damping, theithee water shipping nor roll instability are predicted.
Whena/L = 0.757 andkA = 0.21 are used (see discussion above), parametric roll ocodrsahe responsible for
water on deck as in the experiments. This fact is indicatethéysymbol "YES*' in the table and suggests that these
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Figure 9: Water-on-deck occurrence: top view of the shippatér for waves with/L=0.75 anckA=0.25. In each panel: experiments (left) and
Numz2 (right). From left to right and from top to bottory;, to + 0.1T , to + 0.2T, to + 0.3T, to + 0.4T, to + 0.5T, to + 0.6T andto + T with numerical
to = 17034T andT the incident wave period. The numerical deck is enclosedinvdtrectangular area discretized witlk = Ay ~ 0.0008- and

the used time step ist = 0.005T. h= water level on the deck.

incident wave parameters are close to the limit for occueesf parametric roll, which is able to cause water shipping.
The case witht/L = 0.75 andkA = 0.25 is used next to investigate more in detail the featuresadémshipping.
These incident waves cause also parametric roll which is bmodify the features of the shipped liquid and the
resulting green-water loads. The water on deck events anensyric relative to the ship longitudinal axis until the
parametric roll occurs and then are driven by the instagbilihis is documented by the top views of the deck in figure
during the steady-state conditions with establishedrpandc resonance. The figure gives both snapshots from the
high-speed cameras and the numerical solution Num2. Fretwilresults, a water shipping begins from the left side

of the front bow (panel 1 of the figure), the liquid closer te flont bow advances towards the vertical superstructure
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(panel 2) while the water shipped near the wall tends to mowards the opposite side of the ship. The two masses
of liquid eventually meet in the form of an impact with the stgtructure and with accumulation of water rising along
the wall (panel 3). Later on the water is reflected from theessipucture and starts to distribute along the deck and
to reduce in time its level. At this stage a watéi-deck phase occurs at the side where the liquid entered tie de
because it is closer to the reflected water (panels 4-7).r Afte incident-wave period a new water shipping starts
from the opposite side of the deck (panel 8). It means thap#rametric roll makes the water-on-deck events to
become periodic witfT 4, instead of with the excitation period.

While experiments and numerics are consistent qualitgtiités hard to attempt a more quantitative comparison.
This is because of the perspective angle of the video canmerdecause tlierent water-on-deck events of the same

experimental run indicated some local variations of theewtibw on the deck (see iH[Z]). Such variations could be
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Figure 10: Water-fi-deck phase near the superstructure for waves Ayith-0.75 andkA=0.25. In each panel: front view from the experiments
(left) and top view from the numerics (Num2) with velocity vext of the shipped water (right). The vectors are white intdpeplots and black in
the bottom plots to make them more visible. From left to rigttt ftom top to bottomtg+0.3T andty+0.4T, to+0.6T andto+0.7T with numerical

to ~ 17034T andT the incident wave period. The numerical deck is enclosedinvédhrectangular area discretized witlk = Ay ~ 0.0008- and

the used time step ist = 0.005T. h= water level on the deck.

the result of the low-frequency envelope, or not perfecdyestate conditions, detected in the ship motions for this
case (see right part of figuré 8).

The water-@-deck phase for this incident-wave case is examined inldetigure[I0 combining the numerical
results with front-view video recordings from the experittee The first three time instants shown correspond to those
in panels 4, 5 and 7 of figufé 9. In the first two time instantsakgeriments indicate clearly a water flux leaving the
deck, this is reduced substantially at the third instanttdubke increasing roll angle against watéf-deck and is over
in the last snapshot. The same conditions of the water afew@d by the simulations through the directions and the

lengths (indicating the value) of the liquid velocity vexsto
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4.2. Extended numerical analysis of parametric roll andevamn deck

Due to the promising comparison with the experiments, thaarical method with roll-damping correction from
the experiments (Num2) has been used to investigate mowtail the parametric roll occurrence and its interaction
with possible water on deck events. The frequency ralig/w is varied between 0.38 and 0.51 with a step of 0.01
and the incident-wave steepnégsis varied as done in the experiments.

The results in terms of parametric-roll occurrence areeuresl in tablé12 and confirm that for the examined

steepness range the instability tends to occurdgp/w smaller than 0.5. The case with 'NIYES' is characterized

Table 2: Occurrence of parametric-roll resonance for thesatidied numerically.

A/L—- | 067 070 074 078 082 08 090 094 098 1.02 107 111611121
wso/w— | 038 039 040 041 042 043 044 045 046 047 048 049005051

kA=0.10 | NO NO NO NO NO NO NO | YES | YES | YES | YES | YES | YES | NIYES

kA=0.15 | NO NO NO NO NO | YES | YES | YES | YES | YES | YES | NO NO NO

kA=0.20 | NO NO NO | YES | YES | YES | YES | YES | YES | YES | NO NO NO NO

kA=0.25| NO | YES | YES | YES | YES | YES | YES | YES | NO NO NO NO NO NO

by a very slow instability and with a steady-state amplitletes than three degrees. This indicates that for larger
frequency ratios the parametric roll tends to disappeas dtso confirmed that larger steepness brings to instabilit
for lower frequency ratio and out from instability othereidn any case the occurrence of the parametric resonance is
limited within a certain range ab40/w. This is reasonable because there is a limit for the vanatfdhe roll-natural
frequency so to tune to the first fundamental resonance.

The duration of the roll transient phase is examined in tfieplet of figure[I1 for the cases with parametric roll
in terms of the timetmay required to reach the largest peak in the roll enveloperbefocurrence of steady-state
conditions (see the definition in the right-bottom plot aklafigure[I2). The right plot of the figure examines the
parametric-roll amplitude in steady-state conditionsorfithe results, akA increases the value @§4,0/w corre-
sponding to the minimum transient phase reduces,shorter incident waves cause quicker the parametric roll. |
general the parametric roll needs several incident-wavieq®to reach steady-state conditions, the lowest value of
tmax predicted is around @0 tya/ T enlarges both for gticiently short and long incident waves, but the shorter waves
are dangerous because they are associated with the latiepay-state roll amplitudes when parametric roll is extite
(see right plot). It is confirmed that shorter waves can excistability only if they are dficiently steep otherwise
the parametric roll occurrence moves towargly/w = 0.5. For each steepness the roll amplitude decreases almost
linearly with the frequency ratio, while for a fixeds,0/w the roll amplitude increases nearly linearly with reducing
kA

The occurrence of water on deck for the examined incideneveases is given in tablé 3. As expected longer
waves are able to cause water on deck at lower steepnesseseéey will be characterized by larger amplitudes than
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Figure 11: Features of parametric roll from numerical analyine required for the first roll peak (left) and steadystatl amplitude (right) for
each examined steepndssas a function of the ratio between the calm-water roll natiregjuency and the incident-wave frequenoyyo/w. T

is the incident-wave period.

Table 3: Occurrence of water on deck for the cases studied nzatig

A/L— | 0.67 070 0.74 0.78 0.82 0.86 0.90 0.94 098 102 107 1116 1121
wao/w — | 0.38 039 0.40 0.41 0.42 0.43 0.44 0.45 046 047 048 0.49 0 0951

kA=0.10 | NO NO NO NO NO NO NO YES* | NO NO NO NO NO NO

kA=0.15 | NO NO NO NO NO | YES* | YES* | YES* | YES | YES | YES | YES | YES | YES

kA=0.20 | NO NO NO | YES* | YES | YES YES YES | YES | YES | YES | YES | YES | YES

kA=0.25| YES | YES | YES | YES | YES | YES YES YES | YES | YES | YES | YES | YES | YES

corresponding equally-steep shorter waves, so they caedxmore easily the local freeboard. The water shipping
for the cases with 'YES* are caused by the parametric roflileithe wave-body interactions do not lead to water on
deck before the instability. It means that these events @am@rthted by large roll motions while those indicated with
'YES'’ are governed by heave and pitch motions. In terms oewah-deck severity, the maximum nondimensional
volume of shipped water per eve@t (S¢A), with Sy the deck area, is nonlinearly dependent on the wave stegpnes
and largest aroung@sno/w = 0.48, see left plot of figure-12. The empty symbols in the figuve §/(SqA) for steady-
state water shipping events before parametric roll exaitatVhen the instability is excited by the shortest waves the
water-on-deck severity is greatly increased with respetihé water-on-deck events before instability (compare the
full symbols with the corresponding empty symbols). As ttev@length reduces, also the parametric-roll amplitude
decreases and the instabilitffext in increasing the volume of water becomes more and muoitet.

A larger amount of shipped water leads to larger green-watkrced pressure on the deck. This is examined
in the right panels of figurie_12 for the case highlighted bysehipse in the left plot. There, the top panel gives the
pressure evolution predicted at locations 3 and 6 definelaeinap-right sketch of figulg 1. The bottom panel shows

the corresponding roll evolution. Comparing them, it isaclthat the instability largely increases the pressurd leve
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Figure 12: Influence of parametric roll on water on deck frormetical analysis. Left: maximum volume of shipped wafemn steady-state
conditions. Q is made nondimensional b§4A, with Sy the deck area and the incident-wave amplitude, and is plotted for each examined
steepneskA as a function of the ratio between the calm-water roll natitesjuency and the incident-wave frequenoyymo/w. Right: evolution

of the deck pressure at sensors 3 and 6 in the top-right skéfagure[d (top) and of the roll motion (bottom). For the presstine values of the
corresponding water-column height are given at full scale.

especially near the superstructure.

So far, we have investigated th&ext of parametric roll on the water shipping but also the watedeck oc-
currence canféect the onset and features of roll instability because ddda a variation of the roll added moment
and roll damping, and modifies the location of the center af/ify of the vessel. The importance of these changes
depends on the severity and features of the water shipphgsaxamined next.

Table[4 considers only the incident-wave cases leading tio parametric-roll and water-on-deck occurrences

and provides qualitative information of the influence of evathipping on the roll instability. Such information were

Table 4: Influence of water on deck on parametric roll from nucadanalysis: variation dfinax and of steady-state amplitude when green-water
loads are switchedfbin the simulations of the cases in tadlés 2 Bhd 3 with both paramell (PR) and water on deck (WOD).#4°R avoided,
D=delay in PR occurrenceg. longer transient phase=faster PR occurrence=Same duration of transient phase as when accounting for WOD
loads; U=(almost) unchanged steady-state amplitude (SSAhigher SSA; I=lower SSA.

A/L— | 070 074 078 082 08 09 094 098 102 107 111 1161 1.2
wso/w — | 0.39 040 041 042 043 044 045 046 047 048 049 050105

0.10 SuU
0.15 SuU SuU SuU DU DH
0.20 SuU DL FL FL FL FL A

0.25 | FL FL FL FL FL DL A

obtained by simulating these cases again but setting tothergreen-water loadB,,.q4 in the equation of motion

@ and then checking theffect on parametric roll occurrence and features. The remsuisate that the water on
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deck is not able toféect the parametric roll when the water shipping itself isseliby the instability. Switchingfb
Fwod leads to faster parametric roll but with lower amplitude inshof the cases, as the frequency ratio increases
the transient phase becomes longer than when accountitigef@reen-water loads and the amplitude can be lower,
unchanged or larger. It is important to note that in two casten avoiding- .4, the parametric roll does not occur.
This means that the water shipping and its influence on thenware responsible for the instability.

The quantitative importance of the water on deck is examindigure[I3 in terms of variation dfyax i.€. Atmax

and steady-state amplitudes. Aés,, Wwhen the green-water loads are switchéd lBrom the studied cases, the largest
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Figure 13: Influence of water on deck on parametric roll frormetical analysis: variation of the time required for the fiodt peak (left) and of
the steady-state roll amplitude (right) when the green-wagals are set to zeroe. Atmax = tmaxnowobp-tmaxwopandAésa = E4anowop—EsawoD-
The variables are plotted for each examined steepo®ss a function of the ratio between the calm-water roll natineajuency and the incident-

wave frequencyusno/w. T is the incident-wave period.

variation in terms of duration of the transient phase is &B&u, while the amplitude change is at most three degrees.
However, if we examine the two cases where green-water laggdsesponsible for parametric roll, we find that the
influence on roll amplitude is larger. The incident-wavegoaeters for these cases are, respectivelys/w = 0.45
andkA=0.25 andwyno/w = 0.47 andkA=0.20 and when water shipping is accounted for the parammettioccurs,
respectively, withtmax = 184T andés, =~ 7° and withtnax ~ 3287 andés, ~ 6°. The second of them has a very long
transient phase but in practice a perturbation of the systarid shorten the time for the excitation. This is examined
in figure[I4 showing the roll evolution when a Gaussian rolinmeat centered &t = 10T and with a duration of
about 002T is applied to the ship free in heave, pitch and roll. The maxmvalue of this moment would lead to a
maximum roll of 5 or 1° when the ship is modelled as a 1-dof system. When water-okidads are included in the
motion equations the parametric roll is excited quickertgytivo perturbations than without them and the steady-state
roll amplitude is the same as without perturbation. If thiesels are not accounted for, even the largest perturbation
is not able to give a steady-state parametric roll and aftearsient the roll damps out.

The dfect of the water shipping on the transient phase could beareievhen group of waves, more than regular

waves, interact with the vessel. Unluckily in this contexter shipping occurrence can either increase or reduce the
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Figure 14: Influence of water on deck on parametric roll fronmetical analysis: incident waves withuno/w = 0.47 andkA=0.20. Roll
evolution when a Gaussian roll moment centered-atlOT and with a duration of about@2T is applied to the ship free in heave, pitch and roll.
The maximum value of the moment would lead to a maximum roll“ofPerturbation 1) or 1 (Perturbation 2) when the ship is modelled as a

1-dof system.

transient phase, depending on the steepness and the foggadin. It means that it is hard to make any suggestion
about what is helpful for avoiding parametric roll. The fiés@also show that once the parametric roll is established
then the oscillation amplitude is not mucfhiexcted by water on deck. In this context the relative impaancreases
as the instability is by itself not much pronounced (comghesright plot of figuré_II3 with the right plot of figufe1l1).
From practical point of view, it is important to try to find tipeoper scaling parameters governing the variation
of the transient phase and of the roll amplitude induced bigm@n deck. These variables are defined as opposite to
those given in figurE_13,e. positive values mean, respectively, longer transient@hasl larger roll amplitude due
to water shipping. They are plotted in figilird 15 in terms obpagtersy = —Atmay/(T - €) - 1074 andy = —Aésa/e,
respectively, as a function @f = 10(w/wano)? - €. All numerical results for the examined steepneds&seem to
follow a clear trend for each variable of interest. The rssidlentify the modified steepness- (2A— f)/4, with f the
ship mean freeboard, as an important parameter of the pnollais has been already pointed out|£| [11] andn [5]
for variables connected with water on deck, in the contexhoiflent wave packets and regular waves, respectively.
Please note that has both negative and positive values for the examined casemgative value means that the
incident-wave height is smaller than the mean freeboardaemnghipping is possible due to the body motions and
to the radiation and fliraction dfects of the vessel. Both the parameter connected with thatiear of the transient-
phase duration and the one related with the variation ofdhesteady-state amplitude involve a division bgand so
they are singular when®= f. As expected bothr andy vary more rapidly going from positiveto zero than going
from negativee to zero. This is because for positivehe incident waves will exceed more easily the freeboard and

then cause more pronounced water shipping. The latter lrasum greater chance td¢fact the parametric roll. The
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Figure 15: Influence of water on deck on parametric roll frormetical analysis: scaling laws for the variationtgfy (left) and ofésq (right)
caused by the green-water loads, -Atmax = tmaxwobp— tmaxnowopand Aésa = sawobp — ésanowop The modified steepnegsdefined as
(2A- f)/Ais involved.A, T andA are the incident-wave amplitude, period and wavelengtpes/ely, andf the ship mean freeboard. The dotted

segment in the right plot is parallel o= §.

most relevant range @fis for positive and increasing values. In this cas¢éends to decrease and become negative,
i.e. shorter transient phase with water shippipgeaches a minimum and then tends to increase quickerst(ize
dotted segment in the right plot of the figure is parallel/te 6). This means that for larg& the increase of roll

amplitude due to water shipping rises more than lineariy wior constant frequency ratio.

The discussed scaling laws concern cases where the pai@rokis excited both without and with accounting for
the water-shipping loads in the motion equations. Howevisrjnteresting to note that the results for one of the cases
where parametric roll is caused by water on decl¢d/w = 0.45 andkA=0.25) seem to be consistent with the trends
for large and increasing These results are also reported in figure 15 and indicatedeogirrow in each plot. They
correspond to a variation &f,x equal to—co because without green-water loads there would be no paranmat at
all. This is always the case when the parametric roll is aateat with the water shipping and so, strictly speaking,

the variation in the transient phase does not have much mgeahhe variation of,, is equal to the steady-state roll
amplitude when accounting for the water-on-deck loads.dther incident-wave case where parametric roll is caused
by water on deckdsno/w = 0.47 andkA=0.2) does not satisfy these scaling laws (not shown in thedjgu

To check the goodness of the scaling laws in the relevant abpesitive and increasing, additional cases were
studied numerically by varying the incident-wave steepraa®l the frequency ratio as reported in téble 5, so to have

parametric roll and water on deck. The corresponding resué indicated by symbols A in figufe1l5. The new data

Table 5: Steepness and frequency ratio for each of the eilgliti@nal incident-wave cases studied numerically.

(KA wano/w)

(022,045) (02340.445) (025,0.435) (0250.445) (02530.445) (020850.445) (0217,0.454)

(0.2,0.465)

are close to the others but there are some visiliferginces. This motivated a further check of the proper sgidins
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and new parameters]l = —(Atmay/T) - €, ¥1 = —10A&45 - € andsl = 100(wano/w)? - €, were identified as documented

in figure[I®. In this case there is some scattering for theatiari of the transient phase, but it is localized in the
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Figure 16: Influence of water on deck on parametric roll frormetical analysis: scaling laws for the variationtgfx (left) and ofés, (right)
caused by the green-water loads, -Atmax = tmaxwobp— tmaxnowopand Aésa = sawobp — ésanowop The modified steepnegsdefined as
(2A - f)/Ais involved. A, T andA are the incident-wave amplitude, period and wavelengtipe@s/ely, andf the ship freeboard. Farl, the
best fitting is obtained using a 10th-order polynomial with @amequare-root errar ~ 0.0624 and resultal = (-1.86525110 — 1.84731° —
0.213%18 + 0.2452517 + 0.071%1° — 0.0048715 — 0.005251* — 0.0004513 + 0.000151?) - 10°. Fory1, the best fitting is obtained using a 7th-order
polynomial wither =~ 0.0159 and resulty1l = 358784517 + 35576%18 + 41.66851° — 33.27451* — 0.408513 + 3.427512 + 0.39751 — 0.005
The cubic polynomial best-fitting is also reported fdrfor positives1. This corresponds tgl = 70.192513 — 24.122512 + 3.21351 — 0.067 with

er ~ 0.0286.

region of negativéyl, where the variation df,.x as well as o4, due to water shipping is very limited. The new
scaling laws are better in the zone with greater influenceatémon deck. With the present choice of the parameters,
single polynomial best-fitting can be obtained dk(51) andy1(61) because both of them are regular functions of
61. In the figure, a 10th-order polynomial with a mean squarg-errorer ~ 0.0624 and a 7th-order polynomial
with er ~ 0.0159 are proposed, respectively. For the parameteassociated with the variation of the steady-state
amplitude, a cubic polynomial best-fitting could be usedhe televant rangél > 0 with er ~ 0.0286. This is
documented in the right plot of figuEe]16. The variation of tlemsient phase needs instead higher-order polynomial
best-fitting also when consideriigd > 0 (at least fifth-order). The proposed polynomial curvesgné 16 could be

useful to estimate the variationstafax andés, due to water shipping for other incident-wave parameters.

5. Conclusions

A combined numerical and experimental investigation haslearried out on the occurrence of parametric roll and
water on deck on a FPSO ship in head-sea regular waves. Thericahsolver uses a Domain-Decomposition strategy
coupling: a weakly-nonlinear potential-flow seakeepinlyeobased on the weak-scatterer theory, a shallow-water
approximation of the water flowing onto the deck for globaindareaking type of water shipping, and a Wagner-type
bottom-slamming model. The physical investigation hasifeeused on the occurrence and features of roll instability
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and water on deck. The two phenomena were studied varyirigaltent-wave parameters and their mutual influence
has been examined. The solver provides results globallgistamt with the experiments, with a good agreement in
terms of motion amplitudes, in particular for the roll. Thajor discrepancies in terms of phenomena occurrence are
documented for cases more sensitive to the involved naariities and so to the numerical approximations. For the
steepness range examined, the instability occuts,@t/cw < 0.52 and is &ected by nonlinearféects in the wave-
body interactions. More in detail, for ficiently short waves, increasing the incident-wave stegpké tunes the
actual roll natural period to be twice the incident-waveigegtand so excites the parametric resonance. Larger values
of kA bring out from the instability for longer waves. This is anpiontant aspect because it implies a wider region
of parametric roll toward shorter waves. The parametricgeherally increases the water shipping severity in terms
of amount of shipped water and of green-water loads on thie @led can even be direct responsible of the water on
deck. Concerning the key question of present work: the waltgiping dects in return the parametric roll and in
general tends to increase the roll amplitude, up to abowrsdegrees for the examined cases. It can either enlarge
or shorten the transient phase. A scaling analysis has lrepoged for the variation of the duration of the transient
phase and of the steady-state amplitude of the parametrimdoced by water shipping. The results identify the
modified steepness = (2A — f)/4 as an important parameter. The scaling lax$51) andy1(61) appeared to be
more suitable thaw(s) andy(6) in the region where water shipping is more relevant for peataic roll. They are

well approximated by polynomial curves which could be ukgfestimate the variations ¢f.x andés, due to water

shipping for incident-wave parametersgtdrent from those examined here.
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